Both m-opioid receptors (MORs) and d-opioid receptors (DORs) are expressed in the ventral tegmental area (VTA) and are thought to be involved in the addictive properties of opiates. However, their respective contributions to opiate reward remain unclear. We used intracranial self-administration (ICSA) to study the rewarding effects of morphine microinjections into the VTA of male and female MORÀ/À and DORÀ/À mice. In brains of mice tested for intra-VTA morphine self-administration, we analyzed regional Fos protein expression to investigate the neural circuitry underlying this behavior. Male and female WT and DORÀ/À mice exhibited similar selfadministration performances, whereas knockout of the MOR gene abolished intra-VTA morphine self-administration at all doses tested. Naloxone (4 mg/kg) disrupted this behavior in WT and DOR mutants, without triggering physical signs of withdrawal. Morphine ICSA was associated with an increase in Fos within the nucleus accumbens, striatum, limbic cortices, amygdala, hippocampus, the lateral mammillary nucleus (LM), and the ventral posteromedial thalamus (VPM). This latter structure was found to express high levels of Fos exclusively in self-administering WT and DORÀ/À mice. Abolition of morphine reward in MORÀ/À mice was associated with a decrease in Fos-positive neurons in the mesocorticolimbic dopamine system, amygdala, hippocampus (CA1), LM, and a complete absence within the VPM. We conclude that (i) VTA MORs, but not DORs, are critical for morphine reward and (ii) the role of VTA-thalamic projections in opiate reward deserves to be further explored.
INTRODUCTION
A large body of neuropharmacological evidence suggest that opiate reward depends upon m-opioid receptors (MORs; Bardo, 1998; van Ree et al, 1999; De Vries and Shippenberg, 2002) . Genetic studies using knockout mice lacking MORÀ/À support this view: morphine-conditioned place preference (CPP) and intravenous morphine self-administration are abolished in MORÀ/À mice (Matthes et al, 1996; Becker et al, 2000; Sora et al, 2001) . In contrast, the contribution of d-opioid receptors (DORs) to opiate reward remains controversial. DOR agonists induce CPP, and the administration of m-or d-agonists into the ventral tegmental area (VTA) is rewarding, potentiates brain stimulation reward, and increases DA release in the nucleus accumbens (Shippenberg et al, 1987; Leone et al, 1991; Pothos et al, 1991; Spanagel et al, 1992; Devine et al, 1993a, b; Heidbreder et al, 1996; Suzuki et al, 1996 Suzuki et al, , 1997 Duvauchelle et al, 1997; Longoni et al, 1998; Yoshida et al, 1999) . However, d-agonists have similar but weaker effects than m-agonists (Devine et al, 1993b; Devine and Wise, 1994; Heidbreder et al, 1996; Duvauchelle et al, 1997) . The specific d-agonist deltorphine II does not induce CPP in MORÀ/À mice (Hutcheson et al, 2001 ). To date, opiate self-administration has not been tested in DORÀ/À mice.
Overwhelming evidence suggests that DA is involved in opiate reward (Pierce and Kumaresan, 2006) . Intracranial self-administration (ICSA) and CPP studies have revealed the potent rewarding effects of intra-VTA morphine injections (Phillips and LePiane, 1980; Bozarth and Wise, 1981; Welzl et al, 1989; David and Cazala, 1994a; Devine and Wise, 1994; David et al, 2002) . This stimulatory effect is thought to reflect the disinhibition of DA-A10 neurons, via a m-dependent hyperpolarization of GABA interneurons (Gysling and Wang, 1983; Kalivas et al, 1990; Johnson and North, 1992; Klitenick et al, 1992) . Mice lacking the dopamine D2 receptor fail to exhibit morphine-induced CPP, and intravenous morphine self-administration is disrupted in these mice (Maldonado et al, 1997; Elmer et al, 2002) . However, morphine may be rewarding in animals pretreated with DA antagonists, following a 6-OHDA lesion of DA terminals or in mice lacking DA itself (Pettit et al, 1984; Stinus et al, 1985; David et al, 2002; Hnasko et al, 2005) . Importantly, GABAergic projections from the VTA to the prefrontal cortex have been described (Carr and Sesack, 2000a) . Studies using immunohistochemical detection of the Fos protein, product of the immediate early gene c-fos, show that acute or chronic morphine administration, or exposure to a morphine-associated context, induce Fos in DA-related structures (Nye and Nestler, 1996; Schroeder et al, 2000; Schroeder and Kelley, 2002) . Deletion of the DA transporter results in increased morphine reward and morphine-induced c-fos in the NAc shell (Spielewoy et al, 2000) .
Here we have investigated the respective contribution of VTA opioid receptor subtypes in opiate reward. Male and female KO mice lacking either the MORÀ/À or DORÀ/À were tested for intra-VTA morphine self-administration. A regional analysis of Fos protein expression was then conducted to determine which brain regions were associated with morphine self-administration. Reward-related areas of the mesocorticolimbic DA system were analyzed first. Since reward was assessed through spatial discrimination learning, the dorsal hippocampus was also studied. The mammillary bodies of the hypothalamus, which are increasingly implicated in emotional processes, were investigated (Beracochea, 2005) . Finally, considering the recent demonstration of rich DA innervation of the ventral thalamus in the primate and human brain (SanchezGonzalez et al, 2005; Garcia-Cabezas et al, 2007) , we studied Fos expression within this thalamic area.
METHODS

Ethical Statement
All surgical and experimental procedures were conducted in accordance with the European Communities Council Directive of 24 November 1986 (86/609/EEC).
Production of MOR and DOR Null Mutants
The generation and characterization of the MOR and DOR null mutant mice have been described in previous papers (Matthes et al, 1996; Filliol et al, 2000) . Mutations were obtained on the 129SVJ background and then backcrossed with C57BL/6 for at least 10 successive generations (MOR or DOR mutant mice). Animals used in the experiments were homozygote and wild-type littermates from heterozygote animal crossing, as recommended by the Banbury Conference in 1997. In both MOR and DOR mutants, the level of expression and distribution of remaining opioid receptors were mostly unchanged, and transcription of opioid peptides was unaltered (Matthes et al, 1996; Kitchen et al, 1997; Slowe et al, 2001; Goody et al, 2002) . All analyses were performed blind.
Maintenance and Surgery
At 12 weeks of age, mice were housed individually with ad libitum access to food and water in a temperaturecontrolled room (231C) with a light-dark cycle (12-12 h, light on at 0800 hours) and sawdust bedding changed weekly. The animals were aged 12-16 weeks (males: 27-30 g; females: 23-26 g) at the beginning of the experiments. The subjects were anesthetized with a ketamine/xylazine mixture (Ketamine 1000 Virbac s : 100 mg/kg i.p./Rompun s 2%: 8 mg/kg i.p.), and lidocaine HCl (Xylocaine s , 5%) was applied locally both before opening the scalp and trepanation. The animals were implanted in a counterbalanced left and right order, and unilaterally since it has previously been demonstrated that the magnitude of the motivational effects of unilaterally applied opioids into the VTA is equivalent to that observed when bilateral injections are used (Phillips and LePiane, 1980; Bozarth, 1987) . The tip of the guide cannula (outer diameter 0.460 mm or gauge 25; inner diameter 0.255 mm or gauge 30) was positioned 1.5 mm above the VTA. The stereotaxic coordinates used were the following: 0.40 mm anterior to the interaural line, 70.30 mm lateral to the sagittal line, and 3.30 mm vertically below the surface of the skull. The incisor bar was leveled with the interaural line. Mice were allowed to recover from surgery for at least 1 week.
Material and Experimental Protocol
Intracranial self-injection procedure. Self-administration behavior was studied in a gray Plexiglas Y-maze, the two arms of which were separated by an angle of 901. The stem and the arms were 31 cm long and 12 cm high. The starting box (14 Â 8 cm) was separated from the stem by a sliding door. Sliding doors were also located at the entrance of each arm. A photoelectric cell was situated 6 cm from the end of each arm. On each day of the experimental period, a stainless-steel injection cannula (outer diameter 0.229 mm or gauge 31, inner diameter 0.127 mm or gauge 36) was inserted into the VTA and was held in a fixed position, by means of a small connector. The injection cannula was connected by a flexible polyethylene tubing to the microinjection system, which housed a 5 ml Hamilton syringe. The tip of the injection cannula projected beyond the guide cannula by 1.5 mm. By interrupting the photocell beam in one of the two target arms, mice could trigger an injection of morphine sulfate dissolved in polyionic Ringer solution; the other arm being neutral (no injection). Intracranial injections were carried out using an automatic computercontrolled apparatus, which provided, via a microvernier system, a precise and highly reproducible descent of the microsyringe piston. Each self-injection (50 nl) lasted 4 s. Normal drug flow was verified visually both before and after each ICSA session for each animal. The movement of the animals in the Y-maze was detected by an optical system. This information was transmitted to a microcomputer, which in turn rotated the injector in the same direction as the animal's movement. This process avoided the twisting of the flexible tubing. The number of self-administrations per daily session was noted and an automatic equipment, triggered by opening the door to the stem, recorded the latency to enter the reinforced arm (response latency) or the neutral arm for each subject.
Behavioral protocol, experiment I: morphine ICSA in MOR and DOR mutant mice. A total of six groups were exposed to intra-VTA morphine self-infusions: MORÀ/À (male n ¼ 6; female n ¼ 6), DORÀ/À (male n ¼ 6; female n ¼ 6), and WT (wild type; male n ¼ 6; female n ¼ 6). Two groups of animals had only vehicle available (polyionic Ringer-Aguettant s , Lyon, France; VTA n ¼ 6/gender, constituted of two WT, two MORÀ/À, and two DORÀ/À pooled). Previous experiments have shown that the dose of 50 ng morphine sulfate (or 65 pmol, as referred to the salt) produced optimal ICSA performance in mice (David et al, 2002) . The protocol consisted of three phases:
(i) Acquisition phase. This phase lasted for six daily sessions. A session comprised the following steps. Each daily session was composed of 10 trials separated by a 1-min intertrial interval. To begin a trial, a mouse was placed in the start box and after 1 min the door to the stem and target arms were opened. In each group, half of the animals were assigned to enter the right arm to trigger the injection of morphine, whereas the remainder were assigned to the left arm. Therefore a maximum of 10 injections could be obtained by each subject per daily session. During the first four trials of the 1st session only, if an animal chose the neutral arm, it was immediately allowed to access to the arm enabling an injection of morphine. From the 5th trial onward, the mouse was not allowed to enter the other arm following its first choice. After a 10-s confinement, the mouse was removed and replaced directly into the start box for the following trial. (ii) Opiate antagonist (naloxone) challenge. This second phase lasted 5 days. Starting on the 6th session, all subjects who exhibited morphine self-administration were injected subcutaneously (s.c.) with the competitive opiate receptor antagonist naloxone (4 mg/kg; s.c.), 10 min before the self-administration session. Injections were administered in a volume of 0.1 ml/10 g body weight. In mice that did not acquire morphine ICSA (MOR mutants), the dose of morphine was raised to 100 ng for five more consecutive sessions. (iii) Reacquisition test: replacement of naloxone by NaCl.
Following the last session of naloxone-induced extinction, the opiate antagonist was then replaced by pretrial injections of vehicle alone for three consecutive daily sessions.
Behavioral protocol, experiment II: Fos protein expression elicited by morphine ICSA. Male MORÀ/À, DORÀ/À, and WT mice were submitted to the acquisition of morphine self-administration for four consecutive sessions, according to a behavioral protocol that was identical to the one used in experiment I. Following completion of the last session, mice were perfused and their brain removed for Fos immunohistochemistry. Groups were constituted as follows: morphine groups: n ¼ 6 per genotype; and control (vehicle) groups:
n ¼ 6 per genotype. Vehicle-injected mice, and morphineinjected MOR null mutants, remained active enough to trigger the injections 'en-passant', that is without being forced. Therefore, Fos expression cannot be considered as a mere function of morphine dose, as some MORÀ/À subjects received as much morphine as WT or DORÀ/À mice.
Experiment III: intra-VTA self-administration of a GABA-A receptor antagonist (bicuculline). The aim of this experiment was to test whether MORÀ/À mice would learn a spatial discrimination task to obtain a reward that do not depend on MORs. To stimulate DA neurons without acting on m-receptors located on GABA interneurons, we used the GABA-A receptor antagonist bicuculline. When injected into the VTA in rodents, bicuculline blocks GABA-A receptor-mediated hyperpolarization of DA neurons, resulting in m-independent stimulation of DA cells (Ikemoto et al, 1997a) . Mice (WT, n ¼ 6 and MORÀ/À, n ¼ 6) were allowed to self-injected (À)-bicuculline methiodide at the dose of 0.5 ng/50 nl for seven sessions. Two WT subjects exhibited either ipsi-or contralateral circling behavior following completion of session 3 and 4, during which they rapidly triggered 10 consecutive injections. All remaining WT and MORÀ/À mice self-administered bicuculline without showing circling.
Fos immunohistochemistry. Animals were deeply anesthetized (Avertin s , 600 mg/kg) 90 min after the end of the behavioral session and perfused transcardially with 100 ml of 0.9% NaCl followed by 100 ml of cold 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4. Brains were dissected, post-fixed for 12 h in the same fixative, and cryoprotected in 30% sucrose/PB and left overnight at 41C. They were then frozen and 50 mm frontal sections were cut on a freezing microtome. Immunohistochemistry was performed on free-floating sections using a standard avidin-biotin-peroxidase method. The tissue was rinsed in 0.1 M PB four times each for 5 min. Sections were then incubated overnight at room temperature in normal goat serum containing the primary antibody: a rabbit polyclonal c-fos antibody (Ab-5, Oncogene Science, 1:20000) raised to a synthetic peptide derived from amino-acid sequences 4-17 of the human Fos protein. Sections were rinsed again with 0.1 M PB five times and incubated for 2 h in 2.5 ml of goat serum containing the secondary antibody, a biotinylated goat anti-rabbit IgG (Jackson Immunoresearch; 1 : 2000) . Sections were rinsed with 0.1 M PB five times. Following incubation with the avidin-biotin-peroxidase complex reagent (Vecstatain kit, Vector Laboratories Inc., Burlingame, CA) for 2 h, sections were rinsed again with 0.1 M PB five times. The peroxidase was detected with diaminobenzidine (Sigma, St Louis, MO) as chromogen. Reaction was induced with H 2 O 2 0.3%, and terminated by rinsing four more times with 0.1 M PB. Sections were then mounted on gelatin-coated slides, dried and dehydrated before coverslipping. Histological verification of cannula placements was realized on these sections for all subjects used in the present experiments.
Cell counting and image analysis. Quantitative analysis of Fos-positive nuclei was performed using a color video camera (Sony s DXC-950P) interfaced with an Olympus s VTA opioid receptors, reward and fos protein expression V David et al BX-50 microscope (Tokyo, Japan). Fos-positive nuclei were counted using a computer-assisted software (Biocom Visiolab s 2000). Sections were observed at Â 20 magnification. Data were expressed as the mean number of Fospositive nuclei/mm 2 in three contiguous coronal sections for all regions studied, except for the lateral mamillary nuclei where only two coronal sections could be counted. Fosexpressing neurons were counted within 12 brain regions selected for their involvement in reward or emotional processes, spatial memory, and motor function (Figure 3 ). These brain regions correspond to the main cortical and subcortical target areas of the DA system, the dorsal hippocampus (CA1 and CA3), the mammillary bodies of the hypothalamus, and the sensory (ventral) thalamus at the level of ventral posterolateral/posteromedial thalamic nuclei. Concerning the mammillary bodies, we focused on the lateral mammillary nucleus, which provided more slices for quantification than the medial mammillary nucleus.
Histology. At the end of experiment I, animals were killed with an overdose of Avertin s . The head was removed, with the guide cannula attached, and placed into 10% formalin for a 72-h period. The guide cannula was then withdrawn, the brain dissected, and placed in a solution of formol containing 30% sucrose for an additional week. Brains were then frozen and cut in a microtome to provide 60-mm frontal sections, which were stained using 0.1% thionine to identify the injection site.
Statistical analysis.
Behavior: Each phase of the behavioral testing was analyzed separately. During acquisition, the number of selfadministrations and the time to trigger the self-injections were analyzed using three-way analysis of variance (ANO-VA) with genotype and gender as between-subjects factors and session as a within-subjects repeated factor. During naloxone-induced extinction, drug treatment and gender were used as factors. Significant main effects were further analyzed (post hoc) using Fischer PLSD tests.
Fos immunostaining: Following counting of Fos-positive cells by the computer-assisted software, the data were entered into StatView 5.0 (Abacus Concepts) for statistical analysis. Groups represent only male mice, since no difference between genders was observed during behavioral tasks. The number of Fos-positive cells was analyzed using three-way ANOVA with genotype, drug, and side of injection as factors for each of the brain area sampled. Since the side of injection (left or right hemisphere) had no significant effects, F-values were not reported in the results and data presented correspond to the mean of both sides. Post hoc analyses of significant main effects were further examined using Fischer PLSD tests. A significance level of po0.05 was used for all statistical analyses.
RESULTS
Experiment I: Intra-VTA Morphine Self-Administration Acquisition of morphine ICSA, dose of 50 ng (sessions A1-A6).
Arm discrimination: No discrimination was observed between the two arms of the Y-maze when only vehicle (Ringer) was available for intra-VTA self-injections in any of the animals tested, whatever the genotype. In contrast, male and female WT and DOR null mutants rapidly discriminated between the drug-reinforced arm and the neutral arm of the Y-maze to self-administer morphine into the VTA, and exhibited similar discrimination performances. MORÀ/À mice did not show any preference for the morphine-associated arm of the maze. These observations are supported by a global ANOVA revealing a significant main effect of genotype: F 2, 31 ¼ 77.34, po0.001; session: F 5, 155 ¼ 43.55, po0.001; and genotype Â session interaction: F 10, 155 ¼ 10.97, po0.001; but no main effect of gender: F 1, 31 ¼ 0.20, NS (Figure 1 ).
Self-injection latencies:
In subjects having only vehicle available, this parameter progressively increased over the acquisition sessions, a phenomenon related typically to a lack of motivation (David et al, 2002) . Compared to vehicle, a significant decrease in self-injection latency was observed in male and female WT and DORÀ/À mice over successive acquisition sessions. However, this was not the case for the MORÀ/À mice, whatever the gender (Figure 1 Morphine ICSA, dose of 100 ng: None of the MORÀ/À mice tested for self-administration exhibited a behavioral response to intra-VTA injections of the 50-ng morphine dose. Although this dose is about 10 times higher than the threshold dose required to elicit a morphine-seeking behavior (David and Cazala, 1994a) , we increased the dose up to 100 ng for five more consecutive sessions (sessions A7-A11, not shown). There was no significant effect of this dose on self-administration behavior (F 4, 20 ¼ 1.74, NS).
Effects of naloxone 4 mg/kg, i.p. (sessions E1-E5).
Arm discrimination: Systemic pre-injection of the competitive opiate antagonist naloxone in groups exhibiting intra-VTA morphine self-administration (WT and DORÀ/À) disrupted choice accuracy similarly in both groups, at a rate similar to those undergoing extinction, that is replacement of morphine by vehicle (Cazala et al, 1987; David et al, 2002) . Male mice of both genotypes tested (WT and DORÀ/À) were more sensitive to the disrupting effects of naloxone than female mice of the same genotype. These observations are supported by a significant main effect of naloxone treatment: F 4, 60 ¼ 55.20, po0.0001; no main effect of genotype: F 1, 15 ¼ 0.39, NS; and no main effect of gender but a naloxone Â gender interaction: F 5, 155 ¼ 3.86, po0.01 (Figure 1 ).
Self-injection latencies:
Concomitantly to the decrease in discrimination performance, the time to trigger the injection increased progressively over the five sessions following naloxone treatment. This effect was similar in WT and DORÀ/À mice. As for discrimination performance, male mice were more sensitive than female mice to the disruptive effects of naloxone on self-injection latency. Reacquisition test, replacement of naloxone by NACL (sessions R1-R3). The replacement of naloxone by its vehicle (NaCl) led to immediate recovery of intra-VTA morphine self-administration in DORÀ/À and WT mice regardless of gender, as measured both by the preference for the morphine-associated arm and the decrease in the time to trigger morphine self-injections (Figure 1 ). Discrimination performance as well as latency significantly improved over the three sessions similarly in all groups (main effect of reacquisition sessions on the number of self-administrations: F 2, 26 ¼ 29.11, po0.0001; with no main effect of genotype: F 1, 13 ¼ 0.05, NS; or gender: F 1, 13 ¼ 0.19, NS). Self-administration was observed from the first testing session (Figure 1 ; comparison of mean number of selfadministrations during E5 and R1 in WT t(8) ¼ 4.04, po0.01; and DORÀ/À mice: t(9) ¼ 6.73, po0.001). Latency was also significantly reduced from the first reacquisition session both in WT mice: t(8) ¼ 2.41, po0.05; and DORÀ/À mice: t(9) ¼ 4.80, po0.001.
Histological control. Injection sites were precisely located by following the track of each injection cannula. Injection sites were located mainly in the caudal part of the target structure (VTA), between 0.72 and 0.16 mm from the interaural line (Paxinos and Franklin, 2004) . A representative example is shown in Figure 2 .
Experiment II: Fos Protein Expression Elicited by Intra-VTA Morphine Self-Administration Behavioral results. Mice subsequently used for Fos immunostaining exhibited self-administration performances similar to those of experiment I. Once again, only MORÀ/À failed to acquire intra-VTA morphine selfadministration as measured by preference for the drugreinforced arm of the Y-maze as well as decreasing self-injection latencies. Since data obtained were similar to the acquisition phase of behavioral experiment I, only statistical analysis is provided. The global ANOVA yielded a significant main effect of genotype: F 2, 29 ¼ 100.9, Comparison of the performances displayed by male and female mice during acquisition of intra-VTA morphine selfadministration shows that there was no effect of gender: F 1, 29 ¼ 3.55, NS.
Fos immunohistochemistry (Figure 3 ). Mesolimbic and mesostriatal pathways: Fos protein expression was regulated differentially within the mesocorticolimbic projection areas of the VTA, as a function of both drug treatment and genotype (Figures 4 and 5) . Specifically, immunostaining increased strongly within the dorsal shell (AcbSh), core (AcbC) of the nucleus accumbens ( Figure 5) Cortical areas: The prelimbic area of the prefrontal cortex (PrL) exhibited a significant increase in Fos-positive neurons as a function of morphine treatment in both WT and DORÀ/À mice (Figure 4) . A drug-dependent increase was still observed in MOR mutants. These observations are supported by global ANOVA yielding a significant main effect of drug in PrL: F 1, 50 ¼ 31.94, po0.001; and a main effect of genotype: F 1, 50 ¼ 11.18, po0.001. In the anterior cingulate cortex (CG1), we observed a similar pattern, although less contrasted than within prefrontal cortex (main effect of drug: F 1, 50 ¼ 13.83, po0.001; and main effect of genotype: F 1, 50 ¼ 15.19, po0.001). There was no difference in the number of Fos-positive nuclei between groups at the level of the visual cortex (data not shown).
Amygdaloid complex: The number of Fos-positive neurons within the basolateral amygdala BLA was significantly increased by intra-VTA morphine self-injections in WT mice, whereas this number remained unchanged or decreased respectively in MOR or DOR null mutants, resulting in a weak main effect of drug: F 1, 50 ¼ 4.09, po0.05; but a strong main effect of genotype: F 2, 50 ¼ 12.45, po0.0001; and drug Â genotype interaction: F 2, 50 ¼ 8.00, po0.001 (Figures 4 and 5) . This pattern was not observed in the CeA, which displayed four times more Fos-positive cells in self-administering animals (both the WT and DORÀ/À mice) than in controls and MOR mutants (main effect of drug: F 1, 50 ¼ 94.31, po0.0001; main effect of Figure 2 Photomicrograph of a thionine-stained frontal brain section (60 mm) through the cannula track and the injection site within the VTA of a representative mouse (IPR interpeduncular nucleus, rostral subnucleus; RMC, red nucleus magnocellular) (Paxinos and Franklin, 2004) . Distance from the interaural line. Scale bar 0.5 mm. (Paxinos and Franklin, 2004) . Quantification was performed in the prelimbic area of the prefrontal cortex (PrL) (1), nucleus accumbens core (AcbC) (2) and shell (dorsal part) (AcbSh) (3), anterior cingulate cortex (CG1) (4), ventromedial (vCPu) (5) and dorsomedial (dCPU) (6) part of the caudate-putamen nucleus, dorsal CA1 (7) and CA3 (8) of the hippocampus, basolateral (BLA) (9) and central (CeA) (10) amygdala, ventroposteromedial thalamic nucleus (VPM) (11) and lateral mammillary nucleus (LM) (12).
VTA opioid receptors, reward and fos protein expression V David et al genotype: F 2, 50 ¼ 20.67, po0.0001; and drug Â genotype interaction: F 2, 50 ¼ 11.62, po0.001).
Dorsal hippocampus: Fos protein was expressed strongly within the CA1 subregion of mice self-administering morphine into the VTA, this effect being similar in WT and DORÀ/À (Figures 4 and 6) . A significant difference was also observed between vehicle and morphine-exposed MOR null mutants, although to a much lesser extent than in the two previous groups. These observations are supported by a global ANOVA revealing a main effect of drug: F 1, 54 ¼ 30.24, po0.0001; a main effect of genotype: F 2, 54 ¼ 57.53, po0.0001; as well as a drug Â genotype interaction: F 2, 54 ¼ 57.15, po0.0001 (Figure 6 ). There was a significant difference between the two morphine-sensitive genotypes, DOR mutants exhibiting less Fos-positive cells than WT (WT/DOR: p ¼ 0.0085). Figure 6 ). Activation of diencephalic structures clearly depends on MOR activation, since there was no difference in the Figure 4 Mean number of Fos-positive nuclei/mm 2 in all brain areas sampled from mice following the last acquisition session of intra-VTA morphine self-administration. An ANOVA was performed for each structure, followed by post hoc tests. *po0.05; **po0.01; ** Experiment III: Intra-VTA Bicuculline Self-Administration in MORÀ/À and WT Mice Arm discrimination. In contrast to their inability to discriminate the morphine-reinforced arm, MOR null mutants exhibited a rapid discrimination between the drug-reinforced arm and the neutral arm of the Y-maze when bicuculline was infused into the VTA (Figure 7, top) . The rate of acquisition was similar in MORÀ/À and WT mice. These observations are attested to a global ANOVA revealing no effect of genotype (F 1, 8 ¼ 0.07, NS); but a strong main effect of treatment (F 5, 40 ¼ 39.83, po0.0001).
Comparison of arm discrimination for morphine and bicuculline in MORÀ/À mice confirmed the effect of bicuculline (F 1, 8 ¼ 20.90, po0.001) . Choice of the bicuculline-reinforced arm became significant from session 2 for both genotypes (comparison of the mean number of self-administrations during sessions A1/A2; WT mice: t(5) ¼ 5.09, po0.01; MORÀ/À mice: t(5) ¼ 3.65, po0.05).
The level of performance for bicuculline self-administration in MORÀ/À mice was similar to that observed for morphine self-administration in WT and DORÀ/À.
Self-injection latencies. Latencies decreased significantly over the course of the six acquisition sessions, both in WT and MOR mutants (no effect of genotype: 
DISCUSSION
Intra-VTA microinjections of morphine did not serve as a reinforcer in MORÀ/À mice, whereas DORÀ/À mutants exhibited a normal self-administration response. Therefore, morphine reward elicited from the VTA depends selectively on MORs. Since the behaviorally relevant diffusional spread occurring in the conditions of this study can be estimated as 600 mm laterally and 800 mm dorsally to the injection site, VTA opioid receptors are likely to be the main target of the drug (David and Cazala, 1994a, b) . These results are consistent with the previous pharmacological and genetic studies supporting an involvement of MORs in opiate reward (Matthes et al, 1996 ; Bardo, 1998; Shippenberg and VTA opioid receptors, reward and fos protein expression V David et al Elmer, 1998; van Ree et al, 1999; Chefer et al, 2003; Hall et al, 2003) . Although preferentially a m-agonist, morphine also binds DORs with sub-mM affinity. When injected into the VTA, the m-agonist (DAMGO) and d-agonist (DPDPE) both increase mesolimbic DA release and support selfadministration (Devine et al, 1993a, b; Devine and Wise, 1994) . However, the effective dose of DPDPE required for maintaining self-administration was 100-fold higher than the effective dose of DAMGO (Devine and Wise, 1994) . Non-peptidic d-agonists (SNC80 and BW373U86) also induce CPP in rats, an effect blocked by pretreatment with the DA-D1 antagonist SCH 23390 (Longoni et al, 1998) . At the doses effective in eliciting CPP, both compounds failed to affect extracellular DA release in the NAc. Whereas the d-agonist deltorphine-II induce both reward and physical dependence in mice, these effects are absent in MOR mutants (Hutcheson et al, 2001) . These data and the present report provide converging evidence that the rewarding effects of d-agonists may depend on MORs. The competitive opiate antagonist naloxone disrupted morphine self-administration in WT and DORÀ/À mice. Naloxone-induced extinction was not associated with any behavioral signs of withdrawal, suggesting that VTA MORs are not involved in the somatic expression of withdrawal. In rats lever-pressing for intra-VTA morphine infusions, no naloxone-precipitated withdrawal signs were observed, whereas a full syndrome was displayed in rats self-injecting into the periventricular central gray area (Bozarth and Wise, 1984) .
Although a growing body of evidence suggests that females are more prone to drug self-administration than males (Alexander et al, 1978; Lynch and Carroll, 1999; Carroll et al, 2001; Cicero et al, 2003; Hu et al, 2004; Roth et al, 2004) , we found no differences in the acquisition of male and female mice. However, it is noteworthy that choice accuracy for the morphine-reinforced arm of the maze reached a maximum in female WT mice, with over 95% of drug-reinforced responses for 4 out of 6 self-administration sessions.
The Fos protein expression study provides new information on the neuroanatomical basis of VTA opiate reward. It is important to recognize first that functional interpretation of these data has methodological limits. The protocol used in the present study does not allow to dissociate direct pharmacological effects from conditioned effects of the drug, passive from self-administration or different processes engaged by the self-administration response. The reinforcing effects of drugs and drug-associated stimuli share many anatomical and cellular substrates, and context of drug administration has a profound impact on the effects of the drug (Badiani et al, 1999; Schroeder et al, 2000; Crombag et al, 2002; Schroeder and Kelley, 2002) . Therefore, we cannot exclude morphine effects on various physiological processes. However, the use of well-controlled local infusions certainly contributes to the reduction of non-reward-related effects. Since all subjects completed the task whether or not a preference for the morphineassociated arm was displayed, motor activity cannot Indeed, Fos expression associated with conditioned behavioral activation following morphine treatment is not dependent on motor activity . Recent data suggest that Fos induction is a learning-related phenomenon underlying the establishment of specific neural activity rather than locomotor activity (Svarnik et al, 2005) .
In agreement with the view that intra-VTA opiate administration disinhibits DA-A10 neurons, self-administration was associated with Fos expression within DA brain regions (Acb, CPu, PrL, Cg1) . It should be noted however that (i) absence of Fos does not mean absence of neuronal activation and (ii) GABAergic projections from the VTA to the cortex, which parallel the DA system, have been described (Carr and Sesack, 2000a, b; Crombag et al, 2002 ). Yet several lines of evidence point to a role of DA. Activation of DA-D1 receptors by specific agonists or dopaminergic drugs induce striatal Fos expression (Graybiel et al, 1990; Robertson et al, 1992; Keefe and Gerfen, 1995; Herdegen and Leah, 1998) . Systemic or intra-VTA morphine injections induce Fos within the limbic striatum and NAc and this expression is blocked by m-, D1-, and NMDA antagonists (Bontempi and Sharp, 1997) . We further observed that striatal Fos-expressing neurons were restricted to the medial striatum. Prefrontal and anterior cingulate cortices expressed high level of Fos in morphinesensitive mice. This might be expected given the role of prefrontal cortex in reward expectancy (Watanabe, 1996) . Morphine-conditioned locomotor activity is associated with c-fos induction within these two cortical areas . The anterior cingulate cortex has been involved also in cue-induced alcohol or cocaine-seeking in rats (Neisewander et al, 2000; Ciccocioppo et al, 2001) .
Analysis of the diencephalic brain regions provided further interesting findings. Fos protein was expressed significantly more in the lateral mammillary nucleus of subjects who were self-administering. This could reflect an activation of the mammillothalamic pathway, which is involved in processing navigation, head-direction signal, spatial memory, and emotional reactivity, possibly through modulation of the anterior thalamic-hippocampal system (Beracochea and Jaffard, 1995; Blair et al, 1998; Sziklas and Petrides, 1998; Aggleton and Brown, 1999; Vann and Aggleton, 2004) . Since preliminary data show that ibotenic acid lesions of the mammillary bodies do not disrupt intra-VTA morphine self-administration (unpublished observation), this activation could thus be more related to aspects of spatial or cognitive processing rather than to obtaining reinforcement per se (Beracochea, 2005) .
Another striking observation is the strong and specific Fos expression within the posterior part of the ventral thalamus, particularly at the level of its medial division (ie the ventral posteromedial thalamic nucleus, VPM). VPM neurons expressed Fos exclusively in mice self-administering morphine, whereas Fos is absent within the VPM of active-control subjects, or in morphine-injected mice that did not acquire self-administration (MOR null mutants). Therefore, the VPM Fos immunoreactivity was predictive of self-administration. Despite an early description of DA projections from the VTA to both the ventral and mediodorsal thalamus (Simon et al, 1976) , these DA pathways have received very little attention. This is likely because DA innervation of the rodent thalamus was considered to be scant (Groenewegen, 1988; Papadopoulos and Parnavelas, 1990) . More recently, however, significant DA projections from A10 neurons to the ventral thalamus were demonstrated also in primates and humans (SanchezGonzalez et al, 2005; Garcia-Cabezas et al, 2007) . A mdependent inhibition of GABAergic inputs provided by the VTA/SN complex to the ventromedial thalamus could provide an anatomical basis for our observations. Functionally, electrophysiological data suggest that the ventral sensory thalamus may be involved in processing rewardrelevant information. In rats discriminating between reward-predicting and non-predicting cues, single neurons of the VPM mediate the acquired affective significance of sensory stimuli (termed 'retrospective coding') and predict the value of upcoming reward ('prospective coding') (Komura et al, 2001) . It is noteworthy that in humans, VTA opioid receptors, reward and fos protein expression V David et al diencephalic amnesia (ie Korsakoff syndrome) result in a difficulty in assessing the affective component of memories and contexts (Oscar-Berman et al, 1990; Snitz et al, 2002) .
The dorsal hippocampus (CA1) also displayed Fospositive cells in self-administering mice. Given that reward was assessed with a spatial discrimination task, involvement of the CA1 is not surprising. Absence of reward in MORÀ/À mice could thus be related to a learning or memory deficit. MOR null mutants exhibit impaired learning in spatial tasks and drug-induced CPP (Kieffer and Gaveriaux-Ruff, 2002 ). However, learning-associated synaptic plasticity in the CA1 region is normal and MDMA induces CPP in MORÀ/À mice (Jamot et al, 2003; Robledo et al, 2004) . To test whether a learning deficit could account for the absence of spatial discrimination, MOR mutants were allowed to selfinject the GABA-A receptor antagonist, bicuculline into the VTA. Bicuculline serves as a powerful reinforcer when infused into the VTA of rats and mice (David et al, 1997; Ikemoto et al, 1997b) . In contrast, the GABA-B receptor agonist baclofen blocks morphine CPP and associated Fos induction in the cortical and limbic brain regions (Kaplan et al, 2003) . The rapid acquisition of bicuculline selfadministration in MORÀ/À mice demonstrate that these mutants have no learning deficit in our task, providing that they are efficiently reinforced with a non m-dependent pharmacological agent. Despite early reports that the hippocampus does not receive a significant DA innervation (Loy et al, 1980) , projections from the VTA have been described in the stratum moleculare of the CA1 (Gasbarri et al, 1994 (Gasbarri et al, , 1997 Goldsmith and Joyce, 1994) . Novel stimuli increase c-fos in the hippocampus (Jenkins et al, 2004) . The VTA-CA1 pathway was recently proposed to be part of a loop controlling the entry of novel stimuli into long-term memory (Lisman and Grace, 2005) . Alternatively, the involvement of the CA1 could occur via dopaminergic modulation of the septo-hippocampal pathway (Sheehan et al, 2004) .
As concerns other brain regions expressing Fos, the amygdala has long been implicated in aversively motivated associative learning, and there is now a growing body of evidence suggesting that it plays a role in positive reinforcement (Baxter and Murray, 2002; Everitt et al, 2003; See et al, 2003) . In WT mice, the number of Fospositive neurons within the BLA increased with selfadministration. Activation of BLA neurons occurs also during cocaine self-administration (Fuchs and See, 2002; Carelli et al, 2003) . Tetrodotoxin-induced BLA inactivation suppresses the ability of heroin-paired stimuli to reinstate heroin-seeking behavior (Fuchs and See, 2002; Glass et al, 2005) . Interestingly, an increase in AMPA GluR1 receptors on BLA dendrites of rats self-administering morphine was reported (Glass et al, 2005) . DA afferents could enhance the sensory signal driving BLA output neurons, while dampening cortical inhibition (Rosenkranz and Grace, 1999 . In self-administering DORÀ/À mice, however, BLA Fos induction was decreased as compared to vehicleinjected mice, suggesting an indirect effect of DORs in modulating BLA activity. Naloxone-precipitated withdrawal induces an opposite pattern of c-fos mRNA expression within two subpopulations of BLA neurons (Frenois et al, 2002 (Frenois et al, , 2005 ). Involvement of CeA in self-administering subjects could reveal a feedback control of VTA activation by CeA GABAergic output neurons (See et al, 2003) .
In conclusion, MORs but not DORs, are critical for VTA opiate reward. Morphine self-administration was associated with Fos protein expression within the mesocorticolimbic system, amygdala, dorsal hippocampus (CA1), lateral mammillary nucleus, and the VPM. This latter structure exhibited a strong and selective immunoreactivity in response to intra-VTA morphine self-administration, thus suggesting a role for thalamic DA in opiate reward which may have been overlooked despite the early anatomical description of this innervation. Further experiments are required to investigate the effect of inactivation of the VPM or adjacent thalamic nuclei on morphine-induced behaviors.
